A modified approach using the sol-gel synthesis of titanosilicate (TiSi) with a developed pore structure under relatively mild synthesis conditions was developed. To identify the controlling factors for the preparation of gels with the desired properties, the influences of the synthesis parameters on the structure and sorption capacity of the materials were studied. The chosen synthesis conditions allowed the preparation of TiSi xerogels with a high decontamination factor for both Sr 2+ and Cs + . Effects of competitive ions on the separation factors, distribution and selectivity coefficients were studied from different background solutions containing Sr 2+ and Cs + simultaneously. It could be shown that it is possible to produce TiSi gels with developed pore structures that are capable of removing Sr 2+ and Cs + from complex aqueous solutions.
Introduction
Titanosilicates (TiSi) are inorganic compounds widely applied in sorption and ion-exchange processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] These chemically and thermally stable and radiation resistant materials with a high ion-exchange rate and remarkable capacity, are able to effectively decontaminate liquid radioactive wastes (LRW) from long-live nuclides, such as 90 Sr, 134, 137 Cs, 233-235,238 U, 241 Am, 239, 240 Pu and 154 Eu. 1, 3, 12, 13 In numerous works, different ways of TiSi synthesis, such as hydrolysis of alkoxides and inorganic salts via hydrothermal, microwave, mechanochemical and solgel routes were proposed. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Using alkoxides as precursors leads to high purity materials. However, for the synthesis with alkoxides the following drawbacks were observed: toxic, expensive and unstable precursors, ecotoxic solvents and poor reproducibility of results. Consequently, inorganic precursors become now more commonly used for the synthesis due to their stability, easy handling and lower costs. 1, 8, 15 As a ligand, hydrogen peroxide (H 2 O 2 ) is traditionally used for slowing down the hydrolysis rate of Ti-containing precursors to the silicon precursor rate and increasing the amount of co-precipitated Ti-O-Si bonds. Advantages of using such a ligand are its eco-friendliness and non toxicity of the products H 2 O and O 2 . The main disadvantage is that the released oxygen during the hydrothermal treatment (HTT) raises the autogenous pressure inside the autoclave to more than 70 bar. Due to this fact, special equipment is required. In preceding works, microwave and mechanochemical routes as well as other reported methods yielded formation of powder titanosilicates. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] However, it is well known that many effective powder materials are not suitable for wide practical applications due to agglomeration, which decreases the working surface and active centre accessibility, difficulties with handling and ltration (stoppages, high hydrostatic resistance, bulk compression and poor wettability). 30, 31 Sol-gel synthesis has numerous benets in comparison to other methods, such as an excellent homogenization of the precursors during the sol preparation stage, a possibility to obtain high purity materials with the desired composition, structure and properties under comparably mild conditions and an opportunity to choose the form of materials (powders, bers, lms or particles). 32 Synthesis for titanosilicate preparation via the sol-gel method using H 2 O 2 was based on the approach reported in ref. 33 . Previously, decomposition of the peroxide ligand released the oxygen that ruined the formed gel and the titanosilicates could be obtained only in powder form.
Recently, the rst authors of this paper developed and patented a new sol-gel synthesis of titanosilicates from inorganic precursors based on gel preparation at room temperature, 34, 35 which overcomes several of the before mentioned disadvantages. This synthesis method leads to stable materials with reproducible properties. The crucial point for the proposed approach is the possibility to use chemicals with essential concentrations (2-5 M) strongly increasing the material yield. This synthesis route can be accomplished using a range of ecofriendly compounds, such as polyalcohols and organic hydroxy-, ceto-, di-and tricarboxylic acids and its mixtures. Utilization of such ligands solved a few problems: at rst, the proposed ligands did not ruin the gel structure as in the traditional H 2 O 2 method, and the TiSi xerogels obtained had particle sizes of 4 mm and less, instead of being a ne powder. The second advantage is the decrease of the autogenous pressure in the autoclaves by at least an order of magnitude. Finally, substituting the H 2 O 2 ligand offers an opportunity to increase the precursor number and decrease the resulting material costs. The possibility to replace the TiCl 4 precursor with pure and technical TiOSO 4 solution was shown earlier. [34] [35] [36] [37] In addition, the pure silica sources Na 2 SiO 3 and K 2 SiO 3 have been replaced with cheaper bulk liquid glasses and stable porous gels with a high sorption ability to Sr 2+ were obtained aer such precursor substitutions. Using inexpensive precursors (technical TiOSO 4 , containing iron cations) would not be possible with H 2 O 2 , due to the catalytic effect of Fe 3+ on the hydrogen peroxide decomposition. The modied approach presented in this paper, thus, is very promising for the large-scale application of TiSi materials.
The rst part of this paper describes and exemplies the newly developed approach in the synthesis of TiSi xerogels from pure titanyl sulphate, sodium liquid glass and sodium hydroxide. In the second part, the effect of the synthesis parameters on structural and sorption characteristics is evaluated in order to obtain a sorption material highly efficient for Sr nuclides. The third part is devoted to assessing the ability to uptake stable Cs + and Sr 2+ nuclides from aqueous solutions containing both potential pollutants simultaneously.
Experimental session
Chemicals Titanium tetrachloride (TiCl 4 ), metatitanic acid (H 2 TiO 3 ) and technical solutions of liquid glass (Na 2 O$2.5SiO 2 ) were used as precursors (Sumykhimprom and Kremnypolymer, Ukraine). A bulk solution of Na 2 O$2.5SiO 2 was taken for synthesis aer ltering through a polypropylene lter (0. in TiCl 4 or by dissolving the metatitanic acid in H 2 SO 4 . All chemicals used for the sorption tests (CsCl, SrCl 2 $6H 2 O; NaCl, NaHCO 3 , KCl, CaCl 2 , D-glucose, H 2 SO 4 , NaOH) were of analytical grade (Sigma-Aldrich) and used without further purication. Laboratory glassware was rinsed with concentrated HCl or HNO 3 , and Milli-Q water (resistance 18.2 MU) was used for all studies.
Synthesis
Titanosilicate sols were obtained by mixing two initial solutions at room temperature using a magnetic stirrer. The rst solution was prepared by mixing pure (3.4 M) TiOSO 4 and the ligand, a mixture with D-sorbitol and L-lactic acid. The second initial solution was obtained by mixing a technical liquid glass solution (3.81 M of Si) with 5 M NaOH. Gels for the present study were achieved by mixing the precursor at the molar ratio of Ti : Si : ligand : NaOH ¼ 1 : 1 : 0.5 : 4. The obtained colourless transparent sols were transformed into milky homogeneous gels aer 7 s to 15 min (depending on the pH). Fresh gels were aged at room temperature under a polyethylene cover for 0-7 d (days) in order to investigate the effects of aging time (T ag ) before hydrothermal treatment (HTT) on the gel properties. Syneresis liquids were taken for pH measurements and gels were then subject to HTT in Teon-lined steel autoclaves under autogenous pressure. Inuences of the HTT parameters were studied in the temperature range of 120-200 C during 6-48 h. 34, 35 The proposed synthesis can be described as follows:
The HTT gels were rinsed with water to remove salts and ligands. Thereaer, the hydrogels were dried at 80 C, ground, sieved and fractionated.
Characterization
Sample phase identication was done using X-ray diffraction (XRD), patterns collected using DRON-4-07 (CuKa; 2q ¼ 5-80 step D2q ¼ 0.02 ). The Brunauer-Emmett-Teller's (BET) specic surface area and pore structure were determined using a Quantachrome NOVA 2200 surface area analyser and calculated with the NOVAWin soware. The pore size distribution, micropore and total pore volume of TiSi xerogels were evaluated by density functional theory (DFT) and Dubinin-Radushkevich (DR) equations. 38, 39 The following express-test methods were used: exsiccator porosimetry and trilonometric titration of Sr 2+ . TiSi xerogels were dried at 105 C until constant weight was achieved and thereaer saturated with distilled water and benzene vapours in an exsiccator to constant weight at room temperature. The maximum specic sorption pore volume V p , which is relevant for the characterization and sorption capacity of the studied material, was calculated with eqn (2) (cm 3 g À1 ). A single point measurement of maximum sorption capacity q to Sr 2+ from 0.05 M SrCl 2 solution was used as an express-test of the sorption ability (eqn (3)). Experimental conditions of the sorption test were: room temperature (25 AE 2 C), contact time 24 h, 0.1 M NaCl background solution. The concentration of Sr 2+ in solution was estimated by trilonometric titration with a calcein (uorexon) indicator and calculated with eqn (4):
where V p is the maximum specic sorption pore volume (cm 3 g À1 ), which can be measured by water vapour (V p(w) ) or by benzene vapour (V p(b) ); m 0 and m st are the initial and stable sample masses before and aer vapour sorption, respectively (g); r water or benzene mass density (g cm À3 ), V i is the volume of the Trilon B solution used for titration and V al is the aliquot volume (mL); C i is the concentration of Trilon B solution used for titration; m e Sr 2þ is the mass equivalent of Sr 2+ (meq L À1 ); C 0 and C eq are the initial and equilibrium concentrations of Sr 2+ in solution (mg L À1 , mmol L À1 or meq L À1 ). The sorption ability in regards to Sr 2+ and Cs + present simultaneously in aqueous solutions was evaluated by batch experiments. Initial Sr 2+ concentrations were varied from 4.45 Â 10 À4 to 1.26 mmol L À1 , while the initial Cs + concentration was kept constant at 0.752 mmol L À1 . Furthermore, initial Cs + concentrations varied from 6.85 Â 10 À6 to 0.75 mmol L À1 with a constant initial Sr 2+ concentration of 1.26 mmol L À1 . Milli-Q water, 0.1 M NaCl and Ringer-Locke's solution (0.15 mol L À1 of NaCl, 2.38 mmol L À1 of NaHCO 3 , 2.68 mmol L À1 of KCl, 0.2 g L À1 of CaCl 2 and 1.8 mmol L À1 of D-glucose; pH ¼ 8.07 (ref. 40 and 41)) were used as media for the sorption tests. An IKA KS 4000i control shaker-incubator was used at 200 rpm (rotations per minute) to overcome the slow diffusion rate; the aliquot volume to sorbent material mass ratio (V : m) was 100; contact time 24 h; ambient temperature. The Cs + and Sr 2+ concentrations during the sorption experiments were determined by inductively coupled plasma with mass detector (ICP-MS) model Agilent 7500ce. Distribution coefficients (K d ) and decontamination factors (DF) were calculated using the following equations:
Separation factor F and selectivity coefficients were calculated using the following equations: [42] [43] [44] 
where C A and C B are the equilibrium concentrations of the potential cation pollutants in solution (mg L À1 , mmol L À1 or meq L À1 ); q is the amount of the exchanged cation on the material in meq per 100 g of material; K lm is the selectivity coefficient according to the law of mass action form; K G is the Gapon's selectivity coefficient.
Results and discussion
To identify the crucial synthesis parameters for creating materials with the anticipated properties, the fresh homogenous TiSi hydrogels were subjected to various post synthesis treatments. Altering parameters such as pH or pressure of the HTT yielded material with poor sorption characteristics of Sr 2+ as well as decomposed gel structures resulting in powder like materials. Drying the fresh hydrogels before HTT produced materials with DF(Sr 2+ ) # 80%. Therefore, these synthesis factors were excluded from the present study. Yet, variations of the aging time T ag before HTT, the duration or temperature of HTT resulted in TiSi materials with a high affinity to Sr 2+ . In order to understand the inuence of the abovementioned factors on the TiSi gels' structure, studies using the low temperature nitrogen sorption/desorption technique and X-ray diffraction were conducted subsequently. Fig. 1 and Table 1 illustrate the inuence of aging time (T ag ) before HTT on the TiSi gel structural and sorption properties. Pore structure parameters measured with the surface area analyser were compared with data obtained by express-analysis methods (sorption pore volume by water and benzene vapours and sorption capacity to Sr 2+ ). The results presented are for xerogels HTT under 150 C during 6 h.
It was found that the isotherms obtained from TiSi gels belong to the IV type. According to the IUPAC classication 45 such an isotherm form is typical for materials with a developed pore structure. The shape of the hysteresis loops can be attributed to the H2 type that suggested the "ink-bottle" pore form.
A statistical test with SPSS (22.0) investigated if there are statistically signicant differences in the TiSi gel properties or sorption capacities of the HT treatments with different aging times. The Shapiro-Wilk test for normality showed that for 7 of the 8 parameters the zero-hypothesis for normality can't be rejected and that the aging time has no measurable effect on the TiSi properties. Yet, TiSi no. 2, relating to one day of aging, has a R pore value that is different from the other 4 aging steps. Based on the statistical investigation that sample is an outlier and the difference is very likely due to random processes during the HTT.
Sorption tests with Sr 2+ proved that the reported synthesis approach led to TiSi gels with a high sorption capacity. The sorption data for Sr 2+ shows a gradual increase of the TiSi sorption capacity (q) of 18% during the rst four days and decreases thereaer. Yet, based on the statistical investigation it cannot be excluded that this observation is due to random behaviour. Since the statistical investigation shows that the sorption capacity does not depend on the aging period T ag , a one day aging period was chosen for all further investigations to simplify sample handling.
Effects of the HTT duration were studied at 150 C using hydrogels aged one day. It became clear that the studied variation has an essential effect on the pore structure and is reected in the sorption pore volume evaluated by benzene vapour (Fig. 2 and Table 2 ). Between 6 and 24 h HTT, the total pore volume and pore radius increased, while the specic surface area decreased. This observation indicates that the HTT conditions catalyse the ripening processes while the syneresis cannot compensate it since water vapour has less adhesive properties than liquid water at normal conditions. As a result, the mean pore radius rose while the micropore volume and sorption capability to Sr 2+ did not change. These suggestions are based on express-test data and were conrmed with low temperature nitrogen studies. The data shows that an increase of the HTT duration from 6 to 12 h is similar to 7 d of aging before HTT, as the samples for 1, 2 and 7 aging days with 6 and 12 h show almost identical isotherms (Fig. 3) . The pore size distributions of these gels illustrate stiffness (less sensitivity to HTT inuence) of the hydrogel structure aer one week of aging before HTT. The sample with the highest specic surface area and the widest hysteresis loop had been prepared during 48 h of HTT (Fig. 2) . The size and shape of the hysteresis loop indicates an essential difference between the pores "necks" and "bodies". The pore size distribution curve of the sample with 48 h HTT conrms a biporous structure. The biggest shi of the isotherm in a region of lower relative pressure is an indication for a structure with small mean pore sizes. Consequently, a hydrogel with an analogous structure would be obtained aer a few months of aging. Interestingly, the maximal Sr 2+ sorption capacity varies around 7% within the limits of the experimental error. It can therefore be concluded that the effect of both studied factors on the micropore volume and developed transport (mesopore) structure of all obtained gels is insignicant. This observation agrees with earlier works 11, 14, 33, [46] [47] [48] stating that the ion-exchange of small cations like Cs + and Sr 2+ takes place in micropores and crystal channels with micropore size. Consequently, it was decided to use 6 h of HTT for further studies as the least energy consuming synthesis of the effective sorption materials investigated. Because of the small number of observations (4), a statistical test with Shapiro-Wilk for normality did not provide useful results. HTT S BET , m 2 g À1 V pore total , cm 3 g À1 V DR micro , cm 3 g À1 R pore , nm V w , cm 3 g À1 V b , cm 3 Fig. 3 The influence of the HTT duration and the aging time before HTT on the TiSi xerogels' structural and sorption properties: isotherms of nitrogen sorption/desorption (left) and DFT pore size distribution (right). Inuences of the HTT temperature on the hydrogels' structure aged one day are presented in Fig. 4 and Table 3 . It could be shown that HTT at 120 C promoted the formation of a TiSi hydrogel structure with an atypical isotherm attributed to the V type. This type and the "open" shape of the hysteresis loop are indicative of a microporous structure of the sample and consequently a small pore volume. Using pore distribution data, the micropore sample structure was evaluated. The sorption pore volume by water vapour and the sorption capacity to Sr 2+ of this xerogel are half as large as those of sample no. 2 at 150 S. The HTT at 150-200 S results in hydrogels with a type IV isotherm. It should be noted that a hydrogel with an H1 hysteresis loop shape was formed at 175 S HTT. This fact testies the presence of a macropore or mesopore structure with a big pore radius. The pore size distribution of this sample is wide and the mean pore radius is about 9 nm. Samples with 150 and 200 C have an H2 shape of the hysteresis loop (Fig. 4) .
The inuence of temperature on the xerogels' pore structure differs substantially from that of varying HTT durations and aging times (Fig. 5 ). Temperature clearly predetermined the pore structure and, as a result, the xerogels' sorption capacity. It was found that rising the HTT temperature from 120 C to 150 S almost doubled q(Sr 2+ ) while in the temperature interval from 175 to 200 S, q(Sr 2+ ) decreased by 76%. This can be explained with the fact that the 200 C samples have only half of the micropore volume. Consequently, 175 C is the temperature where polycondensation, hydrolysis and coarsening processes have the highest rate and/or the basic pH of the syneresis liquid has a catalytic effect on the abovementioned processes. Because of the different modications in the treatment (aging and temperature), a statistical test with the data did not provide additional information (Table 3) . Unexpectedly low q(Sr 2+ ) were obtained for the samples treated at 200 C HTT and aer one and seven days of aging prior to HTT. The shape of the isotherms, hysteresis loops and pore distributions suggests that the developed porosity with micropore volume should be enough for a high sorption ability. Yet, the decline of the sorption capacity might be ascribed to changes in the surface chemistry of the hydrogels under higher temperatures or a decreasing accessibility of the ion-exchange centres due to an increasing order of the structure.
For justication of this assumption, an XRD investigation was performed. The effect of the temperature on structural changes is reected in the XRD patterns (Fig. 6 ). The spectrum peaks have the same position and broadness as poorly crystalline sodium titanosilicate. 49 Consequently, the described synthetic approach lead to a TiSi which would have the ideal formula Na 2 Ti 2 O 3 (SiO 4 )$2H 2 O were it a highly crystalline sodium titanosilicate. According to the results, crystallites become detectable aer HTT at 200 C and the molar ratio of the Ti : Si would be an important parameter in the sorption study. Yet, in this study, even aer 48 h of HTT at 150 C, no detectable crystalline phase was found and the molar ratio is of no known relevance. Thus, it can be concluded that the temperature had the strongest effect on the TiSi hydrogel structure. It was further assumed that the duration of the HTT could be used instead of pre-HTT aging to reduce the synthesis time for the nal product. Detailed structural and sorption studies should be done around 175 C HTT in order to obtain sorption material for big cation pollutants. Following the synthesis conditions: T ag $ 1 day and HTT at 150 C for 6 h make it possible to obtain materials with the highest sorption capacity in regards to Sr 2+ , consuming a minimum of time and energy. Samples prepared under the chosen regime were synthesized for further sorption investigations.
Sorption study
The effects of the synthesis conditions on the studied materials' sorption capacity in relation to Sr 2+ were evaluated from 0.1 M NaCl by trilonometric titration. For determining the sorption capability and selectivity of the obtained xerogels, sorption tests were performed from solutions containing both Sr 2+ and Cs + simultaneously. The 0.1 M NaCl background solution was used to assess the Na + competition effect on the potential pollutants' uptake. A Ringer-Locke's solution was used to evaluate the effect of Na + , K + and Ca 2+ competitive ions on the sorption capacity and the selectivity of the synthesized xerogels. There were two reasons to expect a higher affinity and selectivity to Sr 2+ compared to the cations Na + , K + and Ca 2+ . Firstly, it is well known that in general, cations with a higher valence more preferably sorb compared to those with lower ones. When the valence is equal, the cation with a bigger atomic mass is sorbed. 41, 42 Secondly, studies of TiSi xerogel sorption capacities in the same background solutions with only one cation (Sr 2+ or Cs + ) indicate different sorption mechanisms for these cations (chemisorption for Sr 2+ and activated sorption for Cs + ). 36, 37 Coefficients of selectivity and separation factors were calculated in order to evaluate these assumptions. The collected data is expected to be useful for predicting the TiSi behaviour in aqueous media containing Sr 2+ , Cs + , Na + , K + and Ca 2+ such as drinking, ground, sea and mine water, blood plasma and liquid radioactive wastes. Titanosilicates synthesized via the sol-gel method have a high sorption affinity to both Sr 2+ and Cs + (Fig. 7) . Varying the initial concentration of one potential pollutant cation has a weak effect on the decontamination factor DF of both cations. Generally, the synthesized material has a higher affinity and sorption capacity to Sr 2+ : q(Sr 2+ ) > q(Cs + ) and K d (Sr 2+ ) > K d (Cs + ). It is worth to note, that the same values of q(Sr 2+ ) and q(Cs + ) were obtained during sorption studies in the same background solutions with only one cation (Sr 2+ or Cs + ). It could be shown that the separation factor has a lesser deviation from experimental observations than the calculated selectivity coefficients ( Table 4 ). The selectivity to Sr 2+ in water increased with increasing initial Sr and decreasing Cs concentrations. The presence of competitive ions in the background solutions reduced both, the selectivity coefficients and separation factors. For example, the Gapon's selectivity coefficient K G for the mass concentration ratio of Sr 2+ : Cs + ¼ 1 in media with dissolved salts was only half of that one in water. Nevertheless, the synthesized TiSi xerogels demonstrated a high sorption ability, DF and selectivity to Cs + even in the presence of competing cations such as Na + , K + , Sr 2+ and Ca 2+ . These good characteristics could be observed even from trace initial concentrations of the potential pollutant (C 0 # 10 À3 mmol L À1 ).
Conclusions
In the presented study, a synthetic approach yielding in materials with a poorly crystalline sodium titanosilicate structure at relatively mild conditions is described. The work showed that the temperature of the HTT has the strongest inuence on the structure of the materials and consequently, it can be used as the controlling factor for the preparation of gels with the desired properties. The chosen synthesis conditions allow for the preparation of TiSi with a high decontamination factor for both Sr 2+ and Cs + , and competitive ions have a weak inuence on the ability and sorption capacity of the obtained TiSi xerogels. Based on the results, it could be shown that the presence of competitive ions reduced the selectivity coefficients and separation factors, but TiSi illustrates a higher affinity and selectivity to Sr 2+ than to Cs + in all studied media and concentrations. Hence, it can be concluded that the prepared materials could be used as an effective sorption material for Sr 2+ and Cs + decontamination from drinking, ground, sea and mine waters, blood plasma and LRW. Further studies need to show that the material can also be used in a pilot scale or industrial scale application.
